To prevent new ballast water-mediated introductions of aquatic nonindigenous species (NIS), many ships will soon use approved Ballast Water Management Systems (BWMS) to meet discharge standards for the maximum number of viable organisms in ballast water. Type approval testing of BWMS is typically conducted during warmer seasons when plankton concentrations are highest, despite the fact that ships operate globally year-round. Low temperatures encountered in polar and cool temperate climates, particularly during the winter season, may impact treatment efficacy through changes in plankton community composition, biological metabolic rates or chemical reaction rates. Filtration + UV irradiance is one of the most common ballast water treatment methods, but its effectiveness at low temperatures has not been assessed. The objective in this study was to examine the efficacy of filtration + UV-C irradiation treatment at low temperatures for removal or inactivation of phytoplankton and zooplankton populations during simulated ballast water treatment. Organisms from two size classes (≥10 to b 50 μm and ≥50 μm) were identified and enumerated using microscope and culture techniques. The response of organisms in both size categories to UV-C irradiation was evident across a range of temperatures (18°C, 12°C and 2°C) as a significant decrease in concentration between controls and treated samples. Results indicate that filtration + UV-C irradiation will be effective at low temperatures, with few viable organisms ≥10 to b 50 μm recorded even 21 days following UV exposure (significantly lower than in the control treatment). Crown
Introduction
The transfer of nonindigenous species (NIS) via ballast water has impacted freshwater and marine ecosystems, negatively affecting biodiversity and human health (Carlton, 1985; Olenin et al., 2000; Ruiz et al., 2000) . In order to reduce the risk of NIS introduction, ships are now required to perform open-ocean ballast water exchange (BWE) before entering coastal and inland waters of several countries (e.g., Canada, USA; Government of Canada, 2006; USCG, 1998) . While BWE has been demonstrably effective for reducing introductions to the Laurentian Great Lakes (Bailey et al., 2011) , the efficacy of BWE is not 100% (Miller et al., 2011; National Research Council, 2011) and multiple researchers have found increased diversity and abundance of zooplankton and phytoplankton taxa (including toxic phytoplankton species) postexchange (e.g., Macdonald and Davidson, 1998; McCollin et al., 2007) .
In this context, the International Maritime Organization (IMO) adopted the International Convention for the Control and Management of Ships' Ballast Water and Sediments (hereafter, the Convention) in 2004. The Convention will direct ships to meet ballast water discharge standards described in Regulation D-2, which limit the number of viable organisms in three categories: organisms ≥50 μm in minimum dimension (hereafter zooplankton) at concentrations b10 individuals m −3 , organisms between ≥10 and b 50 μm in minimum dimension (hereafter phytoplankton) at concentrations b 10 cells mL
, and indicator bacteria: b 1 colony forming unit (cfu) of Vibrio cholerae (serotypes O1 and O139) per 100 mL; 250 cfu of Escherichia coli per 100 mL and 100 cfu of intestinal Enterococci per 100 mL.
Most ships are expected to comply with Regulation D-2 through the installation of shipboard Ballast Water Management Systems (BWMS) based on different technologies such as electrochlorination or biocides (Gollasch et al., 2007; Gregg et al., 2009; Tsolaki and Diamadopoulos, 2010; David and Gollasch, 2008) . One of the most common BWMS currently installed on ships is UV (ultraviolet) irradiation (Kurtela and Komadina, 2010; Liu et al., 2011) . UV light covers the portion of the light spectrum between x-rays and visible light, with UV-C in the range of 100 to 290 nm -the most lethal range for living microorganisms (Vincent and Roy, 1993) . The most important UV-induced effect on zooplankton is DNA damage (Malloy et al., 1997) , resulting in impacts such as reduced growth rates (de Lange et al., 1999) and decreased fecundity (Williamson et al., 1994; Zellmer, 1996) . Zooplankton can also be secondarily affected by ingesting algae exposed to UV resulting in gut damage (Zellmer et al., 2004) . The most important effect on phytoplankton is also at the DNA level, where the activation of a photochemical reaction in nucleic acids forms bonds between adjacent bases, interfering with normal base-pairing (Vincent and Roy, 1993; Martinez et al., 2013) . As a result, DNA replication becomes blocked and organisms are unable to reproduce (Buma et al., 1996) . The living but non-reproductive organisms will persist for a single generation and are, from an invasion viewpoint, as good as dead (Reavie et al., 2010; Cullen and MacIntyre, 2015) . Phytoplankton may also be directly impacted by UV irradiation through damage to cell membranes, resulting in immediate cell death. While the performance of UV systems can reduce phytoplankton concentrations and viability of cells by 100%, UV treatment may not effectively inactive resting stages and some recovery of cells may occur following treatment -particularly by diatom species (Stehouwer et al., 2015) .
Ballast Water Management Systems must undergo robust testing to confirm the biological efficacy, environmental acceptability, and safety for ships and crew, in order to receive type approval from regulators. There are specific requirements and guidelines for type approval testing, but these will not guarantee that a type-approved BWMS will operate effectively under environmental conditions at all global ports (Drillet et al., 2013) . Notably, some BWMS have already received type approval without specific evaluation, for example, at very low or very high temperatures, in waters with very high sediment loads, or in freshwater ecosystems. As guidelines stipulate minimum ambient plankton concentrations for valid tests, type approval testing has typically been conducted in temperate or tropical locations during warmer seasons when plankton concentrations are high. Yet many ships operate globally across all aquatic environments and seasons, and will depend on their BWMS to effectively treat ballast water under a variety of environmental conditions encountered during voyages. As a result, research examining efficacy of BWMS across temperatures is needed to confirm that these systems will comprehensively minimize invasion risk (Drillet et al., 2013) .
For example, it is expected that declines in sea ice cover will facilitate human-mediated transport of NIS to the Arctic through increased ship traffic operating in newly accessible waterways and through the extension of the shipping season (ACIA, 2004; Howell and Yackel, 2004; Khon et al., 2010) . As new sea-lanes open, they will facilitate access to resources such as the extraction of mineral and petroleum resources spurring future development and increasing the risk of NIS arrival. If NIS are released in Arctic waters, introduced populations would then also benefit from enhanced survival probability associated with a warmer climate and increased food supply (Vermeij and Roopnarine, 2008) . Therefore understanding the effectiveness of new BWMS technologies at low temperatures is essential for predicting future NIS introduction risk at coldwater ports and for protecting the biota and local human communities.
This study seeks to examine the efficacy of filtration + UV-C radiation at three temperatures (18°C, 12°C and 2°C). We test the null hypotheses that UV-C radiation is equally effective for removal or inactivation of freshwater zooplankton and phytoplankton across temperatures.
Material and methods

Water collection and treatment
Experiments were conducted at the Great Lakes Laboratory for Fisheries and Aquatic Sciences in Burlington, Ontario, Canada between July 2014 and February 2015. Three sets of tests were conducted at different ambient water temperatures using water sourced from Hamilton Harbour (Lake Ontario), and each set of tests was conducted over three consecutive weeks (i.e., three replicates per temperature). A shore-side testing laboratory was constructed inside a large shipping container, simulating ballast water treatment using filtration + UV-C irradiation (Casas-Monroy et al., 2016) . Harbour water was collected and processed as illustrated in Fig. 1 ) across trials. The entire 1 m 3 of water was then pumped out of tank A at a constant flow rate of 50 L min − 1 through a candle filter (nominal pore size approx. 40 μm) and a UV reactor (31″ length and 4″ diameter with a single 140-W low pressure lamp at 254 C nm) for UV-C irradiation using doses similar to that applied in municipal water treatment (EPA, 2006; NWRI, 2012) , and previous ballast water studies, which makes it possible to compare results. The water was subsequently stored in a second 1 m 3 tank (tank B) for five days in the dark at initial ambient water temperature, simulating a ship voyage. On day 0, a continuous subsample of untreated water was collected throughout the discharge of tank A as a control for zooplankton (ZC 0 ) and phytoplankton (PhC 0 ) from a valve installed between tank A and the candle filter. Three 25-L samples were collected for zooplankton and one 10-L sample was collected for phytoplankton; variability across the day 0 samples was minimized by collecting water in a stratified manner, partially filling each carboy in a round through time. After filling, each zooplankton carboy was mixed by inversion and 500 mL were collected for analysis of zooplankton concentration. Each 500 mL sample was filtered on 35 μm (50 μm in diagonal) Nitex mesh to isolate organisms b50 μm; the captured organisms were re-suspended in 500 mL of filtered harbour water (filtered through 10 μm) for immediate enumeration of viable individuals in the laboratory. For phytoplankton, the 10 L sample was filtered through 35 μm (50 μm in diagonal) Nitex mesh to remove the ≥ 50 μm organisms as the carboy was filled. The sample was mixed by inversion and 1 L was collected for immediate enumeration of viable individuals in the laboratory. Following the collection of samples, all control sample carboys were stored for five days in the dark at initial ambient water temperature.
On day 5, water stored in tank B (at least 600 L) was treated again with UV-C radiation but not filtration. The entire volume of water was discharged into a 35 μm (50 μm in diagonal) zooplankton net, except for 10 L of water that was diverted for phytoplankton analysis by periodically collecting 250 mL throughout the final discharge. The contents of the zooplankton net cod-end were resuspended in 500 mL of filtered harbour water (filtered through 10 μm) for immediate enumeration of viable individuals in the laboratory (sample ZT 5 ). For phytoplankton, the 10 L water sample was filtered through 35 μm (50 μm in diagonal) Nitex mesh as the carboy was filled. The sample was mixed by inversion and 1 L was removed for immediate enumeration of viable individuals in the laboratory (sample PhT 5 ). Control water stored in carboys was resampled on day 5 using the same methods described for day 0 above.
Sample analyses 2.2.1. Zooplankton samples
Control samples were concentrated to 50 mL and multiple subsamples totalling 15 mL (10 × 0.5 mL × 3) were examined in a multi-well plate for viable zooplankton ≥ 50 μm in minimum dimension (according to the IMO D-2 Regulation). Viable organisms were counted and identified to genus level using a Leica dissecting microscope. Taxonomic lists were generated from control day 0 samples. Organisms that did not exhibit any movement, even in reaction to stimuli, were counted as dead (Bradie et al., 2010) . Similarly, treated samples on day 5 were concentrated to 50 mL and the total volume was observed for viable organisms.
Phytoplankton samples
A detailed description of the techniques used to count viable phytoplankton cells (i.e., epifluorescence microscopy with FDA vital staining and a most probable number (MPN) culture method) can be found in Adams et al. (2014) and Casas-Monroy et al. (2016) . Briefly, to immediately enumerate viable phytoplankton cells, 417 μL of FDA working solution was added to 5 mL of sample water in a 20 mL glass vial for staining (Garvey et al., 2007; Reavie et al., 2010) . Samples were incubated in the dark for 10 min, after which 1 mL was transferred to a 1 mL gridded Sedgewick-Rafter cell and fluorescing cells were counted under a Nikon AZ100 compound epifluorescence microscope with blue light excitation-green band pass emission filter cubes (FITC) in combination with a DAPI-FITC-Texas Red filter cube. We recorded the number of living cells both smaller than 10 μm and for the fraction ≥10 μm to b 50 μm in minimum dimension. In addition, 100 mL of sample water were preserved with Lugol's Acid and a total volume of 50 mL was put in a settling column for 24 h. Enumeration and taxonomic identification of phytoplankton cells was conducted following the Utermöhl technique (Utermöhl, 1958) , using a Nikon AZ100 inverted microscope. Taxonomic lists were generated from control day 0 samples.
Phytoplankton samples were also assessed for viability and recovery after UV treatment using the MPN method, on control (PhC0) and treated (PhT5) samples (McCrady, 1915) . Each sample was diluted in triplicate from 10 −1 to 10 −5 of the initial phytoplankton concentration in 60 mL borosilicate glass test tubes using 40 mL filtered (0.2 μm) Hamilton Harbour water enriched with Basal Bold's culture medium (Bischoff and Bold, 1963) . One blank tube was prepared using only culture medium for each set of samples. All tubes were incubated in an environmental chamber controlled for temperature, light intensity and photoperiod ). Growth was measured using fluorescence of in vivo chlorophyll in each tube over 14 days. After 14 days each tube was scored for positive or negative growth. Tubes with one or more viable cells would show an increase in fluorescence and count as positive. In contrast, tubes without increase in fluorescence were counted as negatives. Tubes analyzed for positive or negative growth were subtracted from a blank tube fluorescence value. Fluorescence was measured using a Turner 10AU fluorometer (Turner Designs, Sunnyvale, California, USA) equipped with an in vivo chlorophyll filter. The concentration of viable cells in the original sample was estimated using statistical tables (Throndsen, 1978; McCrady, 1915) .
Statistical analysis
Changes in the number of viable organisms m −3 or mL − 1 across samples (ZC0/PhC0, ZC5/PhC5 and ZT5/PhT5) were examined by multi-factorial analysis of variance using Permutational Multivariate Analysis of Variance (PERMANOVA), where p-values are calculated on the basis of permutations (Anderson, 2001 (Anderson, , 2005 McArdle and Anderson, 2001 ). The analysis was based on the Bray-Curtis coefficient, as it does not eliminate zeros from the dataset (Legendre and Legendre, 1998) . The null hypothesis was that there were no significant differences between control and treated samples across temperatures. To quantify the effect of the reduction in viable organism concentration after UV treatment, we conducted one-way and two-way analysis of variance between control and treated samples within and among temperatures. To better understand filtration + UV treatment of ballast water in relation to different temperatures, we used regression analysis to examine the percentage (%) reduction for each taxonomic group by temperature. To calculate the percentage of reduction for each replicate for each temperature, the numerical difference between Controls on day 5 (ZC5 or PhC5) and treated samples on day 5 (ZT5 or PhT5) was calculated, divided by the given control abundance and multiplied by 100. Steps taken to simulate ballast water treatment using filtration and UV-C radiation: (1) pre-filtration of water at 500 μm; (2) tank A filled with harbour water; collection of control water samples for (3) zooplankton and (4) phytoplankton; (5) filtration with nominal pore size approx. 40 μm; (6) treatment with UV-C irradiation; (7) tank B filled with harbour water (treated once) and held for 5 days in the dark at initial ambient water temperature; (8) second treatment with UV-C irradiation; collection of samples for (9) zooplankton and (10) phytoplankton treated twice with UV-C irradiation.
Finally, a Wilcoxon test was run in order to test the significance of reduction estimates for zooplankton and phytoplankton after filtration + UV-C treatment. All statistical analyses were performed in the R statistical programming language (R Core Team, 2015) .
Results
Initial community composition
Zooplankton abundances in control samples on day 0 ranged between 400,000 to 700,000 ind. m −3 at 18°C, between 168,000 to 216,000 ind. m −3
at 12°C, and between 114,000 and 156,333 ind. m −3 at 2°C. At 18°C, Rotifera was the dominant zooplankton taxon comprising 75% of the community, followed by Copepoda (20%), Cladocera (3%) and bivalves (1.5%). At 12°C, Rotifera were again the dominant taxon at 64%, while Copepoda increased in relative abundance to 34.5% and Cladocera remained rare at b2% of total abundance. At 2°C, Copepoda increased in dominance to nearly 52% of total abundance, while Rotifera decreased to 47% and Cladocera were very rare at b1% of total abundance (Table 1) . Interestingly, the change in community composition corresponded with a change in the size composition of organisms, from small rotifers (35-40 μm) to larger copepods (60-80 μm), as temperature decreased. Phytoplankton abundances in control samples on day 0 ranged between 81 and 1011 cells mL −1 at 18°C, between 7 and 281 cells ml
at 12°C, and between 3 and 325 cells ml −1 at 2°C, as measured by FDA vital staining. No significant difference was observed in initial total abundance across the three experiments (Permanova = p N 0.05). Identification of taxa in preserved phytoplankton samples indicated that Bacillariophyceae was the dominant taxon at all three temperatures, ranging from 36% to 86% of total abundance (Table 2) . At 18°C, samples also contained Cyanophyceae (22%) and Chlorophyceae (3%). At 12°C, secondary taxa were Cryptophyceae (22%), Chlorophyceae (13%), Cyanophyceae (12%) and Dinophyceae (5%). Finally, at 2°C, secondary taxa included Dinophyceae (8%), Chlorophyceae (4%) and Dictyochophyceae (2%). At the species level, Synedra sp. was dominant at 18°C while Fragilaria crotonensis was dominant at 12°C and Asterionella formosa was dominant at 2°C.
Effect of temperature on filtration + UV-C treatment
Filtration + UV-C radiation treatment resulted in a significant reduction of viable organisms (N50 μm) per m 3 between untreated and treated samples at all three temperatures (Permanova p b 0.0016; Annex 1) (Fig. 2 a-c) . While median concentrations of zooplankton decreased in control samples between day 0 and day 5, the observed differences were not statistically significant, indicating that dark storage conditions did not influence zooplankton viability (Table 3) . Zooplankton concentrations in treated discharge samples on day 5 were significantly lower than control samples for all three temperatures (Wilcoxon test p b 0.05; Table 4 ), having mean values b10 viable organisms m −3 across temperatures ( Fig. 2 a-c ; Table 3 ). There was a slight positive correlation between temperature and percentage reduction for zooplankton (R 2 = 0.56), although biological relevance is low since the efficacy was better than 99.8% across temperatures (Fig. 2 d) . Filtration + UV-C radiation treatment also resulted in a significant reduction in the number of viable organisms mL −1 in the ≥10 μm and b50 μm size range between untreated and treated samples at all three temperatures (Permanova p b 0.0003; Annex 1), as measured by FDA vital staining (Fig. 3 a-c) . Median concentrations of phytoplankton decreased in control samples between day 0 and day 5, presumably due to sedimentation in the tank or mortality of autotrophic cells during storage in the dark; the observed decline in controls was statistically Table 4 ), such that all treated samples had final mean concentrations b10 viable organisms mL −1 on day 5, irrespective of temperature (Fig. 3 a-c ; Table 3 ). The percent reduction was more variable for this size fraction, both within and across temperatures, estimated to be between 80 and 96%, 78-81% and 80-85% at 18°C, 12°C and 2°C, respectively (Fig. 3 d) . Due to the high variability, particularly at 2°C, the correlation between temperature and percentage reduction for phytoplankton was weak (R 2 = 0.06).
The MPN method showed a reduction in concentration of viable cells mL −1 across temperatures, similar to patterns observed for FDA vital Zooplankton  2  3  ZC0  134,000  12,276  3  ZC5  85,222  20,471  3  ZT5  9  3  12  3  ZC0  191,333  13,769  3  ZC5  238,667  147,756  3  ZT5  9  5  18  3  ZC0  951,778  411,005  3  ZC5  576,444  252,192  3  ZT5  2  2  Phytoplankton  2  3  PhC0  146  10  3  PhC5  34  12  3  PhT5  7  3  12  3  PhC0  164  6  3  PhC5  35  8  3  PhT5  7  2  18  3  PhC0  284  171  3  PhC5  138  80  3  PhT5  6  3   Table 4 Wilcoxon test with continuity correction. V = sum of ranks assigned to the differences with positive sign. staining, although the decreases were not statistically significant (Fig. 4  a) . At 18°C, the estimated number of cells decreased from 216 ± 192 cells mL −1 in control samples on day-0 (PhC0) to 16 ± 13 cells mL in control samples, respectively, to b2 ± 0.03 cells mL − 1 after UV-C treatment ( Fig. 4 a) . The percent reduction varied between 81-93%, 77-99% and 98-99% at 18°C, 12°C and 2°C, respectively, as measured by the MPN method (Fig. 4 b) . This technique indicated a negative correlation between temperature and percentage reduction for phytoplankton (R 2 = 0.197) (Fig. 4 b) .
Discussion
The results of this study indicate that filtration + UV-C irradiation is an effective treatment method for eliminating both zooplankton and phytoplankton from ballast water, regardless of temperature. Since results were more variable for phytoplankton than zooplankton, this could be an indication that UV-C irradiation (the main component acting on phytoplankton) is more sensitive to temperature than filtration (the main component acting on zooplankton), or that seasonal changes in phytoplankton community composition correspond with changes in levels of UV-C resistance or tolerance. Although the percent reduction was more variable for phytoplankton, particularly at 18°C, the final concentrations of viable organisms (both zooplankton and phytoplankton) were compliant with proposed discharge standards under Regulation D-2 of the International Convention for the Control and Management of Ships' Ballast Water and Sediments across all temperatures tested.
Filtration is commonly utilized as a primary water treatment process for removal of larger organisms and suspended sediments. It is unlikely that water temperature will impact filtration efficacy, although presence of ice in intake water could be problematic if filtration area is blocked; a potential temperature-related issue that was not examined during this study. Few studies have investigated the effect of UV-C radiation on zooplankton, however, Jelmert (1999) reports 99.5% and 26% efficacy against Artemia sp. nauplii and cysts, respectively, while Buchholz (1998) reports 99% efficacy for nematode eggs. The efficacy of treatment against zooplankton in our study was considerably better than earlier observations for similar treatment systems (69.7-99.1% reported by Wright et al. (2007) ; 56% reported by Mesbahi (2004) ). The higher efficacy we observed could result from improvements in filter or UV technology, or, may be an artefact associated with the smaller scale and more controlled nature of our study compared to full scale studies on operational ships.
Previous studies indicate that treatment of pure bacterial cultures by UV irradiation is relatively insensitive to temperature changes (Severin et al., 1983) , but UV light penetration through water at different temperatures is poorly studied. In an investigation of the effect of temperature on the kinetics of UV disinfection for treating domestic wastewater at high temperatures, Abughararah (1994) found that UV treatment was not sensitive to temperature under normal operating conditions (20-40°C) but that bacterial inactivation rates were lower at 10°C such that a higher UV dose was required to achieve similar treatment efficiency. It has been reported that low-pressure UV lamps are particularly efficient at killing organisms, but may have reduced efficacy in cold water due to the low working temperature; in contrast, medium-pressure UV lamps may perform better at low temperatures (highly intense polychromatic light) but are less efficient at killing organisms (Hallett 2010, as cited by van den Brink et al., 2013) . Several studies have shown high variability (between 52 and 100%) in UV treatment efficacy across taxa (Montani et al., 1995; Jelmert, 1999; Oemcke, 1999; Mesbahi, 2004) , indicating that higher doses of UV-C irradiation may be required to eliminate phytoplankton as compared to bacteria (Rigby et al., 1999) .
In our study, any decrease in treatment efficacy at low temperature may have been hidden by variability across replicates or the second application of UV treatment after five days storage. This second treatment application, which is commonly applied during ballast water treatment when the ballast is discharged, would serve to minimize the effects of regrowth or recovery of phytoplankton in ballast tanks during a ship's voyage. In the present study, the MPN method was employed to examine survival and recovery rates of treated cells -most replicates did not exhibit any survival or re-growth, particularly at 12°C and 2°C. While our epifluorescence results did not show N 6 viable cells after UV-C treatment at 18°C, some survival/recovery was observed after 14 days of incubation using the MPN method although these viable cells were typically smaller than 10 μm in minimum dimension. Furthermore, the MPN estimates of viable phytoplankton cells in the untreated controls were not consistent with those using FDA staining at 18°C. The discrepancy between the two methods could be explained as an indirect effect of temperature, which influenced the growth rate of some species (Cullen and MacIntyre, 2015) . As cultures were kept at ambient environmental conditions, phytoplankton held at 18°C may have benefited from optimal cultural conditions (e.g., light, nutrients, and mostly temperature) resulting in rapid growth rate during incubation, in contrast to species held at 12°C and 2°C. Alternatively, the discrepancy between the MPN and FDA staining methods could be explained by dead cells that stained as live cells (false positives by the FDA method; MacIntyre and Cullen, 2016) , although in our study dead cells which exhibited red autofluorescence did not return to green and were not counted. As mentioned earlier, the MPN method indicated limited cell survival/recovery in treated samples at 18°C for cells smaller than 10 μm (Casas-Monroy et al., 2016) . Although cells smaller than 10 μm are not covered by IMO standards, this size fraction can include harmful (toxic) species of protists and bacterial pathogens (Dobbs and Rogerson, 2005; Cohen et al., 2012) .
The ability to document temperature effects may also be scale-dependent, having a larger influence on small experiments, while in larger experiments, an effect can be more difficult to establish. For example, in large aquatic ecosystems, the effect of temperature may not seem important because it could be overshadowed by factors such as irradiance (e.g., environmental light intensity; Gibson and Foy, 1989) . Further, indirect effects of temperature should also be considered. Phytoplankton can acclimate or exhibit variable growth rates at different temperatures, influencing algal growth and photosynthesis, cell composition, shortterm nutrient uptake, and nitrogen metabolism (Suzuki and Takahashi, 1995) . It is known that there is a relationship between metabolic rate (oxygen uptake, ammonia excretion, phosphate excretion) and body mass as a function of habitat temperature, which influences the latitudinal distribution of zooplankton organisms (Ikeda, 1985) . Therefore, the effect of temperature on treatment efficacy may also be dependent on the location of ballast water uptake due to differences in community composition. Additional experiments are needed to confirm if ballast water treatment efficacy can be influenced by water temperature, particularly at large scales.
Conclusion
While we did observe some variability in treatment efficacy during testing, filtration + UV-C radiation appears to be an effective treatment process for reducing zooplankton and phytoplankton concentrations at low temperatures, even when factoring in the possibility for regrowth of cells after treatment. Future investigation is needed to confirm that filtration + UV-C will be effective under full-scale shipboard operational conditions, particularly considering the great range of plankton communities in freshwater and marine ecosystems worldwide and across seasons, and the large volumes of water to be managed. It may be prudent also to confirm efficacy of treatment systems against organisms smaller than 10 μm, even though there are currently no international regulations in place for this size range.
Appendix A Annex 1 Summary table of the statistical analysis using PRIMER + PERMANOVA for the variation in zooplankton and phytoplankton concentrations over 5 days following UV-C radiation treatment. ZCO = zooplankton control samples on day 0; ZC5 = zooplankton control samples on day 5; ZT5 = zooplankton treated samples twice with UV-C, measured on day 5; PhC0 = phytoplankton control samples on day 0; PhC5 = phytoplankton control samples on day 5; PhT5 = phytoplankton treated samples twice with UV-C, measured on day 5. 
